Fluorescent lipid and phospholipid probes were incorporated at 40C into soybean protoplasts prepared from cultured soybean (SB-1) cells. Fluorescence microscopy showed that the plasma membrane as well as the nucleus were labeled. Fluorescence redistribution after photobleaching (FRAP) analysis was performed on these cells at 18°C to monitor the lateral mobility of the incorporated probes. After labeling at low concentrations (40 pg/ml) of phosphatidyl-N-(4-nitrobenzo-2-oxa-1,3-diazolyl)ethanolamine (NBD-PtdEtn), a single mobile component was observed with a diffusion coefficient (D) of w3 X 10-9 cm2/sec. After labeling at higher probe concentrations ('100 jig/ml), two diffusing species were observed, with diffusion coefficients of "'3 x 10-cm2/sec ("fast") and m5 x 10-10 cm2/sec ("slow"). Similar results were observed with fluorescent derivatives of phosphatidylcholine and fatty acids. In contrast to these results, parallel analysis of 3T3 fibroblasts, using the same probes and conditions, yielded only a single diffusion component. These results suggest that the soybean plasma membrane may contain two distinct lipid domains in terms oflipid mobility. Consistent with this idea, experiments with soybean protoplasts yielded a single diffusion component under the following conditions: (i) labeling with NBD-PtdEtn (100 ,ug/ml), FRAP analysis at 37C (D = 1.1 x 10-8 cm2/sec); (ii) labeling with NBD-PtdEtn (100 pg/ml), FRAP analysis at 180C in the presence of 2 mM EGTA (D = 4.2 x 10' cm2/sec); (iii) labeling with 5-(Ndodecanoyl)aminofluorescein (a short-chain lipid probe), FRAP analysis at 18'C or 3rC (D = 2.5 x 10-8 cm2/sec). (8, 9) . These measurements, however, failed to demonstrate any major differences in the diffusion coefficient (D) of a lipid probe in mammalian plasma membranes (10).
(4-nitrobenzo-2-oxa-1,3-diazolyl)ethanolamine (NBD-PtdEtn), a single mobile component was observed with a diffusion coefficient (D) of w3 X 10-9 cm2/sec. After labeling at higher probe concentrations ('100 jig/ml), two diffusing species were observed, with diffusion coefficients of "'3 x 10-cm2/sec ("fast") and m5 x 10-10 cm2/sec ("slow"). Similar results were observed with fluorescent derivatives of phosphatidylcholine and fatty acids. In contrast to these results, parallel analysis of 3T3 fibroblasts, using the same probes and conditions, yielded only a single diffusion component. These results suggest that the soybean plasma membrane may contain two distinct lipid domains in terms oflipid mobility. Consistent with this idea, experiments with soybean protoplasts yielded a single diffusion component under the following conditions: (i) labeling with NBD-PtdEtn (100 ,ug/ml), FRAP analysis at 37C (D = 1.1 x 10-8 cm2/sec); (ii) labeling with NBD-PtdEtn (100 pg/ml), FRAP These results suggest that the plasma membrane of soybean cells may contain stable immiscible domains of fluid and gel-like lipids.
Biophysical measurements using electron spin resonance (1), fluorescence depolarization (2) , and differential scanning calorimetry (3) have provided evidence that the biological membrane may contain a patchwork of immiscible gel and fluid lipid domains. Such domains could be significant as regulators of the enzymatic activity of integral and peripheral membrane proteins and may also serve as topological organizers for cell membrane receptors. Although small (a few lipid-molecule diameters) (4) and large (.300 nm in diameter) (4, 5) lipid domains have been observed in model liposome systems, only small lipid patches of a particular phase have been shown to exist in natural biological systems (6, 7) . Using the technique of fluorescence redistribution after photobleaching (FRAP), a number ofinvestigators have shown that in model binary phospholipid systems, distinct large lipid domains can be detected by the variation in diffusion components and bleaching recoveries of a fluorescent probe that can be partitioned between the fluid and gel phases (8, 9) . These measurements, however, failed to demonstrate any major differences in the diffusion coefficient (D) of a lipid probe in mammalian plasma membranes (10) .
We have reported diffusion coefficients for lectin-receptor complexes on the plasma membrane of soybean protoplasts derived from the SB-1 cell line (11) . Here we extend the analysis of the lateral mobility of the components of the soybean cell plasma membrane by studying the diffusion of fluorescent lipid analogs. The data suggest that the soybean membrane may be a composite of large-scale, immiscible gel and fluid lipid domains. This suggestion is particularly intriguing in light of the higher content of negatively charged phospholipid species, particularly phosphatidylglycerol, in plant plasma membranes (12) , as compared to mammalian plasma membranes (13) . In this context, Verkleij et al. (14) and Ohnishi and Ito (15) have reported that phase separation and the formation of negatively charged phospholipid domains occurs after addition of Ca2+ to mixed phospholipid model systems.
MATERIALS AND METHODS
Materials. The fluorescent probes used in this study were 1-acyl-2-[N-(4-nitrobenzo-2-oxa-1,3-diazoyl)amino]caproylsn-glycero-3-phosphocholine (NBD-PtdCho), phosphatidyl-N-(4-nitrobenzo-2-oxa-1,3-diazolyl)ethanolamine (NBDPtdEtn), 1,1'-dioctadecyl-3,3,3' ,3'-tetramethylindocarbocyanine iodide (diC18Icc), 1,1'-ditetradecyl-3,3-3',3'-tetramethylindocarbocyanine iodide (diC14Icc), and 5-(N-dodecanoyl)-aminofluorescein (C12NFlu). The NBD probes were from Avanti Polar Lipids. The Icc probes and C12NFlu were from Molecular Probes.
Methods. Suspension cultures of the soybean (Glycine max) cell line SB-1 were grown as described (11) in 1B5C medium (16) . Soybean protoplasts were prepared and suspended in modified Gamborg buffer (11, 17) . This medium contains 1 mM CaCl2. The cells were labeled with fluorescent lipid ,ug/ml) at 40C for 15 min. After free lipid was removed by washing, the amount of lipid incorporated was determined by lipid extraction (18) , fluorescence spectroscopy, and phosphate analysis (19) . The protoplast pellet was solubilized in 2% (vol/vol) Triton X-100 in phosphatebuffered saline (137 mM NaCl/16 mM Na2HPO4/2.7 mM KCl/1.4 mM KH2PO4, pH 7.2), and the fluorescence of the extracted lipids was measured with a Perkin-Elmer 650-40 fluorescence spectrophotometer. For NBD derivatives, the excitation and emission wavelengths were, respectively, 468
Abbreviations: D, diffusion coefficient; FRAP, fluorescence redistribution after photobleaching; C12NFlu, 5-(N-dodecanoyl)aminofluorescein; NBD, N-4-nitrobenzo-2-oxa-1,3-diazole; PtdCho, phosphatidylcholine; PtdEtn, phosphatidylethanolamine; diCl8Icc, 1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine iodide; diC14Icc, 1,1'-ditetradecyl-3,3,3',3'-tetramethylindocarbocyanine iodide.
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Swiss 3T3 fibroblasts were cultured as described (20) .
Cultures near saturation density (4 x The procedure for FRAP analysis has been described in detail (11) . Fluorescence emission for NBD and fluorescein derivatives was monitored with an incident wavelength of 476.5 nm in combination with a Leitz TK510 dichroic mirror and a K530 barrier filter. For Icc derivatives, the incident wavelength was 514 nm, and a Leitz TK580 dichroic mirror and K570 barrier filter were used. The redistribution of fluorescence, after a localized photobleaching pulse, was subjected to a normal-mode analysis, following the approach described by Koppel et al. (21) .
In experiments comparing the effects of temperature alteration and EGTA addition, the incorporation of fluorescently labeled lipid probes into protoplasts was carried out at 40C for 15 min. FRAP analysis then was carried out on protoplasts maintained at 18'C or 370C and on protoplasts incubated in the presence of 2 mM EGTA and modified Gamborg buffer (11) devoid of calcium.
RESULTS

Incorporation of Fluorescent Lipid Probes into Protoplast
Membranes. Soybean protoplasts were incubated with NBDPtdEtn (1-1000 ,ug/ml) for 15 min at 4°C. At concentrations of 20 ug/ml or below, there was little or no staining observable by fluorescence microscopy. Above 40 ,ug/ml, the lipid uniformly labeled the plasma membrane; a representative photograph of a cell stained with NBD-PtdEtn (100 ,ug/ml) is shown in Fig. LA . Besides the characteristic fluorescent ring around the protoplast indicating cell surface labeling, there was also significant fluorescence observed from the center of the cell, indicating labeling of internal membranes. This staining of intracellular membranes was also seen when the cells were labeled for 1 min. Intracellular fluorescence was particularly pronounced when the cells were warmed to 18°C; the fluorescence rapidly distributed to the intracellular membrane compartment within 10 min. Such redistribution of fluorescent lipid to internal membrane systems also has been observed in lung fibroblasts labeled at 4°C and warmed to 37°C (22) but required much longer times ofincubation, routinely 1-2 hr. Similar labeling patterns were also observed when protoplasts were treated with C12NFlu (Fig. 1B) or with NBD-PtdCho, diC14Icc, or diC18Icc (not shown). Transmission electron micrographs (23) of soybean protoplasts, following lipid incorporation, showed that the plasma membrane of the protoplasts was devoid of adhering lipid vesicles (data not shown). Therefore, it could be assumed that most of the fluorescent lipid analog was incorporated into the protoplast membranes.
The amount of lipid incorporated into the protoplasts was quantitated by fluorescence spectroscopy. With NBDPtdEtn at 40 ,ug/ml and 100 ,g/ml, approximately 3 mmol and 6 mmol, respectively, of fluorescent lipid were incorporated per mole of endogenous lipid phosphate ( Table 1 ). The incorporation of the fluorescent lipid was maximal at 200 ,ug/ml. Similar results were obtained for diC18Icc ( Fig. 2A . This graph shows a semilogarithmic plot of the time course of the first normal mode of fluorophore distribution after a photobleaching pulse (21) . Each 
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cm2/sec, gave 30% recovery. Approximately 30% of the probe was found to be immobile. These results, described and illustrated in Fig. 2 for diCj8Icc, were also obtained when NBD-PtdEtn, NBD-PtdCho, and diC14Icc were used as probes (Table 1) .
Variation in the bleaching conditions used (intensity and/or duration of bleaching) did not result in any change in the lateral mobility of lipids in the protoplasts. Moreover, rebleaching of the samples still showed two mobile-component recovery processes. We have also studied the lateral mobility of diCj8Icc and NBD-PtdEtn in the plasma membrane of 3T3 cells at initial concentrations such that the incorporation of fluorescent lipid per mole of endogenous lipid phosphate was comparable to those obtained with soybean cells. In all cases, only a single exponential term was required to describe the time course of redistribution of fluorescence ( Fig. 2A) for essentially all the mobile molecules of the probe in the membrane (Table 2) , Similar results were observed for diC18Icc. An increase in mobility has been observed previously in animal cell systems, when the effect of temperature was studied (24, 25) .
The addition of EGTA (2 mM) to protoplasts at 18°C also reduced the two-component diffusion system to a single mobile species ( Protoplasts were labeled by incubation with probe at 100 ,ug/ml.
*D values and % recovery are expressed as mean ± standard deviation.
short-chain lipid probe provide evidence against the possibility that the two-component recovery observed in the protoplast system is a result of plasma membrane-intracellular membrane flow processes.
DISCUSSION
This report extends the analysis of the lateral mobility of the components of the plasma membrane of cultured soybean cells, previously studied using lectin probes that bind to glycoconjugates ofthe cell surface (11) . The key observations of the present study are as follows: (i) at low concentration of probe (40 ,ug/ml), the diffusion of lipids in protoplasts is similar to that seen in animal membranes (D --10-8 j09 cm2/sec); (ii) at higher probe concentrations (>100 ,ug/ml), two recoveries are required to describe the time course of fluorescence redistribution; (iii) the second recovery process is sensitive to temperature alterations and calcium concentration; and (iv) a short-chain lipid probe, C12NFlu, showed a single D value.
The most striking result is the presence of the second, slow component in diffusion of NBD and diI probes. Two possibilities were considered to explain this: (a) it represents a consequence of membrane flow (26) between the plasma membrane and intr-acellular membranes; (b) it represents a true diffusion coefficient. The results obtained with the short-chain probe, C12NFlu, provide for the best differentiation of these two possible sources of the second component. If the second component did indeed represent membrane flow, the C12NFlu probe should participate in this exchange process and one should see two recoveries with this probe. On the other hand, in the presence of immiscible gel and fluid lipid domains, previous reports have indicated that such a small probe should partition primarily into the fluid phase (4, 8, 27 Moreover, the percent recovery for C12NFlu is equivalent to the total mobile fraction of the other lipid probes (see Table 1 ), suggesting that it samples the same compartments. Jacobson et al. (24)-have detected two diffusing species in plasma membrane lipid multibilayers below 10°C and have pointed out that multiple phase equilibrium is strongly suggested by the detection of two diffusing components.
Further support for this conclusion is derived from the effects of temperature and EGTA on lipid mobility. When the photobleaching experiments were conducted at 37°C, the fast and slow components coalesced into a single fast component. If membrane flow were the dominant process, the "pseudo" diffusion coefficient calculated would only double. Our temperature-dependence studies indicate increases in the D value of the slow component of 46-fold for diC18Icc and of 23-fold for NBD-PtdEtn. These temperature-dependent changes are characteristic of an abrupt phase-induced alteration for diffusion. A lipid compartment flow model would more appropriately follow the classical Q1o variation (i.e., a factor-of-2 difference for a 10°C increment). Again, the percent recovery of this component at 37°C is approximately the sum of the fast and slow recoveries at 18°C. Such an observation would be expected for the melting of a gel domain to a more fluid organization (25) .
The EGTA results may provide the most provocative clue to the organization and stabilization of the lipid domains. A major feature of soybean protoplast membranes is the high level of negatively charged phospholipids (12) , particularly phosphatidylglycerol (Table 3) . Ca2+ can aggregate negatively charged phospholipids by forming salt-linked crossbridges between phospholipid head groups (14, 15 (32, 33) and/or the substitution of stigmasterol, sitosterol, and campesterol for cholesterol as the major steroids in plant membranes (34) . The sterol content of membranes can have a pronounced effect on the ordering (35) , and as a consequence, the lateral mobility (36, 37) of lipids in membranes. The observations that cholesterol reduces the lateral mobility of phospholipids in liposomes (9) and erythrocytes (37) , whereas incorporation of digitonin into the inner mitochondrial membrane creates two lipid diffusing species (38) , are suggestive of such a domain-inducing effect of sterols.
It appears that the high content of negatively charged phospholipids and the higher content of sterols in the plant membrane, when compared to animal membranes, may provide the necessary membrane environment for phase separation and the creation of large immiscible lipid domains at room temperature. Because these conditions do not exist in mammalian cells under normal conditions, small domain diffusions are averaged in mammalian cell membranes analyzed with FRAP measurements, resulting in a single diffusion coefficient.
Our results may be viewed in the context of our previous report (11) that cell surface glycoconjugates that bind wheat germ agglutinin diffuse in soybean protoplast membranes with D 3.0 x 10-10 cm2/sec, whereas glycoconjugates that bind either soybean agglutinin or concanavalin A diffuse at about one-seventh that rate (D 4.6 x 10-11 cm2/sec (11) .
In contrast, similar studies with a variety oflectins, including wheat germ agglutinin and concanavalin A, showed that lectin-receptor glycoproteins in general diffuse with approximately the same diffusion coefficients in 3T3 cell plasma membranes (10) . This difference between 3T3 cells and soybean cells, coupled with our present observations that a single lipid probe can reveal two different lipid domains, raises the possibility that, in soybean cells, receptors for wheat germ agglutinin have a higher affinity for more fluid domains, while the receptors for soybean agglutinin prefer a more aggregated or organized gel lipid environment. The observation of a 6-to 7-fold variation in lipid mobility between the two mobile species is very suggestive of this possibility. The physiological role of these lipid domains, both mobile and immobile, and the effect ofa cell wall on their distribution and development remain to be determined.
